Introduction
The last two decades has seen considerable advances in methodology for the analysis of biopolymer systems in an environment where many occur naturally and perform their biological function -a solution environment. These advances include improved ways in which we can ascertain the molecular weight (molar mass) or molecular weight distribution of polymeric systems using size exclusion chromatography coupled to multi angle light scattering [1] and sedimentation equilibrium and sedimentation velocity in the analytical ultracentrifuge [2] [3] [4] . There have also been significant advances in the study of macromolecular interactions using hydrodynamic methods again using analytical ultracentrifugation alongside other techniques such as surface plasmon resonance and isothermal calorimetry (see Table 1 for a description of hydrodynamic parameters). The focus of this article is on the ascertainment of conformation in mixed biopolymer systems. We consider first of all evaluation of conformation type and flexibility in polymer systems with a quasi-continuous distribution of molecular weight -using polysaccharides and mucin glycoproteins as our main examples, and then conformation determination in discrete polydisperse systems such as reversibly associating protein systems or aggregated preparations of monoclonal antibody, taking adavantage of our ability to resolve useful parameters like the sedimentation coefficient, the intrinsic viscosity and the radius of gyration in such systems. 
Biopolymers with a quasi-continuous distribution of molecular weight
These include for example polysaccharides, glycoconjugates and nucleic acids (which are themselves glycoconjugates). We consider first how hydrodynamic methods can help us assign conformation type and then how they can be used to describe in more detail conformational flexibility.
Conformation type: power law relations.
One of the simplest representations is the Haug triangle [5] where the three extremes of macromolecular conformation -compact sphere, rigid rod and random coil, are placed at the corners of a hypothetical triangle -the conformation of a given macromolecule is then represented by a locus along one of the sides: for example a globular protein would be represented somewhere between the extremes of sphere and rigid rod ( Perturbations can result from intra-molecular chain co-exclusion effects. Draining effects have also been considered but these are usually small compared with the strong hydrodynamic interactions between segments of a macromolecule [7] . The power law relations are particularly useful for assessing conformation change in macromolecular systems as shown for example for amylose by
Rollings [8] .
Conformation zoning
In an extension of this concept, Pavlov and coworkers [9] developed an extended conformation More complex forms of the relations between hydrodynamic parameters and molecular weight have been given in terms of the persistence length L p , which is now a popularly used measure of chain flexibility. For example Bushin [13] and independently Bohdanecky [14] have given this expression for the intrinsic viscosity -molecular weight relationship:
where M L is the mass per unit length, N A is Avogadro's number, Φ the Flory-Fox constant (2.86 x 10 23 mol -1 ) and A o and B o are tabulated coefficients [14] , and Yamakawa and Fujii have [15] have given the corresponding relation for the sedimentation coefficient:
where A 2 ~ -ln(d/2L p ) and A 3 ~ 0.1382 provided that L p is much higher than the chain diameter d.
An analogous expression to (2) and (3) exists for the radius of gyration-molecular weight relation.
Ortega and Garcia de la Torre [16] have introduced a global procedure (HYDFIT) for estimating L p and M L by combining these relations together with their corresponding sets of data and performing a global weighted minimization of a target function. The target function is is calculated using equivalent radii, where the equivalent radius (a x ) is defined as the radius of an equivalent sphere having the same value as the determined property. In this paper, we are mainly interested in the equivalent radii resulting from the sedimentation coefficient i.e. translational frictional coefficient (a T ) and from the intrinsic viscosity (a I ). Therefore this target function is a dimensionless estimate of the agreement between the theoretical calculated values for the sedimentation coefficient and intrinsic viscosity for a particular molar mass, persistence length and mass per unit length and the experimentally measured parameters [16] , An estimate for the chain diameter d is also required although the minimization procedure is not generally sensitive to the value chosen. Fig. 4 gives an example evaluation [17] . In cases where M L is known then the minimization procedure can yield a better defined value for L p . Table 3 gives a comparison of values obtained with the global method.
Practically the limits are ~ 1-2 nm for a randomly coiled polysaccharide like pullulan, and ~200 nm for a rod-like triple helical polysaccharide like scleroglucan or xanthan.
[ ] 
Conformation determination in paucidisperse protein systems
The resolving power of modern hydrodynamic methods such as sedimentation velocity in the analytical ultracentrifuge can be used to good effect to estimate conformation in a mixed noninteracting system of proteins [23] . In the case of some non-interacting systems it is possible to fractionate or partially fractionate components preparatively -a recent example has been for wheat protein gliadins. After fractionation the principal fractions, namely α, γ, ω slow , ω fast were studied using sedimentation velocity in the analytical ultracentrifuge and their (weight average) molecular weights M w defined by sedimentation equilibrium. The translational frictional ratio (ratio of the frictional coefficient of a molecule to the frictional coefficient of a spherical particle of the same anhydrous mass) can be obtained from M w and s°2 0,w via: This depends on shape and (time averaged) molecular hydration. The Perrin shape parameter, P (or 'frictional ratio due to shape' [26] , can then be calculated from f/f o by assigning a hydration value, δ, using the expression Since values for δ were not known a range of plausible values (from 0.35 to 1.0) (27, 28) were chosen to specify a range of P values for each and corresponding (prolate) ellipsoidal axial ratios a/b were calculated using the routine ELLIPS1 [25] : all the proteins are extended molecules with axial ratios ranging from ~10-30 with α appearing the most extended and γ the least (Fig. 4) . 
Conformation determination in a dimerising protein system
A quite different case to gliadin is the neural protein neurophysin -this is a reversible monomerdimer system although it was possible to define conditions so that the intrinsic viscosity [η], the concentration dependence sedimentation coefficient k s and the harmonic mean fluorescence anisotropy relaxation time τ h for both the monomer and dimeric state could be defined [26, 27] .
This allowed the evaluation of 2 hydration-independent combined shape functions, R [28] and Λ [29] :
Conformation determination in an aggregated antibody system
Ellipsoids -either simple ellipsoids of revolution defined by a single axial ratio a/b, or more general triaxial ellipsoids defined by two -are not sufficient to define the conformation of irregularly shaped molecules that are neither axially or centrally symmetric. An example of this conformation type are immunoglobulins or antibodies which (apart from the class IgM) are defined by 2 Fab regions (which themselves can be approximated as prolate ellipsoids), and Fc region (~oblate ellipsoid) and depending on the antibody class/subclass, a flexible hinge region. Because of their flexibility on a small number with relatively short hinge regions have been crystallized and had their structures determined. In the case of the others it is possible to estimate conformation in terms of the orientation of the domains -which dictate the hydrodynamic properties of these substances [31] [32] [33] . To do this requires knowledge of the shape of the Fab and Fc domains (from x-ray crystallography), knowledge of the hydrodynamic properties of the domains and the hydrodynamic properties of the intact antibody. Hydrodynamic bead modelling -can be used to represent the orientation of the domains relative to each other in terms of the spherical polar angles θ and φ (Fig.   6a ). Combination of 2 or more hydrodynamic measurements together, along with knowledge of the domain shape can then help define the angles & allowing for complications like hydration.
Besides the Perrin function P (eq. 5) from the sedimentation coefficient (or translational diffusion coefficient), others include the viscosity increment ν. (8) and x-ray scattering functions such as the radius of gyration R g and the maximum dimension of the particle D p . The method has been successfully applied to near monodisperse preparations of IgG3 and hinge mutants (Fig 6b,c) . Current interest is in trying to define the conformation of the monomer species in the presence of aggregates -this is highly relevant for the case for monoclonal antibodies because in their production for therapies storage, freeze thaw processes etc. can lead to aggregate formation. The distribution of sedimentation coefficient from sedimentation velocity experiments analysed using the SEDFIT procedure [34] helps ascertain the extent of aggregation [35] (Fig 7a) . This procedure involves analysis of the evolution of the whole concentration, c, It is also possible to measure the intrinsic viscosity in the presence of aggregates (Fig 7b) using viscometers based on a differential pressure principle and coupled on-line to size exclusion columns [36] . Although research is currently in progress, this combination provides the possibility of not only assessing the effect of bioprocessing on the conformational orientation of the monomer but also to assess if there is a link between conformational change and the state of aggregation. (monomer) = 9.9 ml/g [36] .
Summary and Perspective
The many significant advances in solution conformation and flexibility analysis of linear polymers now allow quite detailed information to be provided -conformation type or zone and conformational flexibility in terms of reliable estimates of the persistence length using combined approaches. The same is true for discrete or paucidisperse protein systems such as wheat gliadins, dimerising protein systems and aggregated systems of antibody. With regard the latter it is crucial to have measurements on a number of different parameters where sedimentation coefficients and intrinsic viscosities for monomer species can now be resolved. These, combined with other resolvable hydrodynamic data -such as fluorescence anisotropy relaxation times (a measure of rotational diffusion behaviour) [37] offer further strong possibilities which are now being explored.
These advances now offer the real potential of linking conformation -and conformation change with fundamental functional properties of macromolecules, including the possible link between conformation change and aggregation processes following for example the stresses caused by bioprocessing of materials in the Biopharmaceutical and Food Industries.
